Abstract. Variation in life-history traits such as lifespan and lifetime reproductive output is thought to arise, in part, due to among-individual differences in the underlying probabilities of survival and reproduction. However, the stochastic nature of demographic processes can also generate considerable variation in fitness-related traits among otherwise-identical individuals. An improved understanding of life-history evolution and population dynamics therefore depends on evaluating the relative role of each of these processes. Here, we used a 33-yr data set with reproductive histories for 1,274 female Weddell seals from Erebus Bay, Antarctica, to assess the strength of evidence for amongindividual heterogeneity in the probabilities of survival and reproduction, while accounting for multiple other sources of variation in vital rates. Our analysis used recent advances in Bayesian model selection techniques and diagnostics to directly compare model fit and predictive power between models that included individual effects on survival and reproduction to those that did not. We found strong evidence for costs of reproduction to both survival and future reproduction, with breeders having rates of survival and subsequent reproduction that were 3% and 6% lower than rates for non-breeders. We detected age-related changes in the rates of survival and reproduction, but the patterns differed for the two rates. Survival rates steadily declined from 0.92 at age 7 to 0.56 at the maximal age of 31 yr. In contrast, reproductive rates increased from 0.68 at age 7 to 0.79 at age 16 and then steadily declined to 0.37 for the oldest females. Models that included individual effects explained more variation in observed life histories and had better estimated predictive power than those that did not, indicating their importance in understanding sources of variation among individuals in life-history traits. We found that among-individual heterogeneity in survival was small relative to that for reproduction. Our study, which found patterns of variation in vital rates that are consistent with a series of predictions from life-history theory, is the first to provide a thorough assessment of variation in important vital rates for a long-lived, high-latitude marine mammal while taking full advantage of recent developments in model evaluation.
INTRODUCTION
Within a species, individual fitness can vary due to differences in important life-history traits, such as lifespan, onset and pace of reproduction, and total reproductive output (Stearns 1992) . The stochastic nature of environmental and demographic processes is known to play a key role in shaping such variation (Gaillard et al. 2000 , Orzack and Tuljapurkar 2001 , Boyce et al. 2006 , Metcalf and Koons 2007 . However, such differences in life-history traits can also arise from among-individual heterogeneity in underlying vital rates generated by a host of processes acting on individuals that differ with respect to their reproductive histories, ages, environmental conditions they experienced from early life to their current age, their genetics, and phenotypes (Kendall and Fox 2002 , Vindenes et al. 2008 , Vindenes and Langangen 2015 . Moreover, among-individual differences in observed demographic processes might also arise from characteristics that reflect unmeasured latent traits of individuals, and the pattern(s) of covariation in these vital rates can reveal fundamental characteristics of life histories (Cam et al. 2002 (Cam et al. , 2016 . However, after accounting for other sources of heterogeneity, the interpretation of additional among-individual variation in life-history traits as indicative of innate differences among individuals in underlying vital rates has been challenged. Recent work has suggested that the stochastic nature of survival and reproduction alone can generate substantial among-individual heterogeneity in lifespan and lifetime reproductive outcomes for individuals that are otherwise identical (Tuljapurkar et al. 2009, Steiner and Tuljapurkar 2012) . Given the relationship between lifehistory-related traits and fitness, understanding the patterns of variation in vital rates arising from measurable characteristics such as age and reproductive history, as well as the relative importance of among-individual heterogeneity in latent traits and stochasticity, is of fundamental evolutionary importance (Fisher 1930 , Saether et al. 2013 .
In general, measurable sources of among-individual heterogeneity arise because organisms must balance the allocation of resources to reproduction and survival while attempting to maximize fitness (Fisher 1930 , Williams 1966 . In the zero-sum game of energy allocation, there is a physiological trade-off between allocating resources to current reproduction and to the somatic maintenance required to preserve survival and future reproduction (Bell 1980 , Gittleman and Thompson 1988 , Stearns 1992 . Thus, breeding individuals should have lower rates of survival and/or future reproduction rate than non-breeders (Nichols et al. 1994) . The balance of resource allocation has further implications over the lifespan of an individual. Life-history theory predicts that this optimal allocation of resources should change over time, either as a consequence of declining expectation of future reproductive events with age (Williams 1966, Pianka and Parker 1975) or due to senescent declines in physiological function with age (Kirkwood and Rose 1991) such that both survival and reproductive rates should be lowest for the oldest aged individuals (Bouwhuis et al. 2012 , Lemaître et al. 2015 , Lemaître and Gaillard 2017 . However, the detection of trade-offs can be complicated by a variety of factors, which include among-individual differences in resource acquisition (van Noordwijk and de Jong 1986) , the life speed of the organism (Hamel et al. 2010) , whether the species is a capital or income breeder (J€ onsson 1997) , and temporal variation in the environment (Reznick 1985) . Moreover, the effect size of such trade-offs can be affected by among-individual differences that might exist due to differences in age and reproductive history (Viallefont et al. 1995 , Tavecchia et al. 2005 , Rughetti et al. 2015 , Fay et al. 2016 . Together, these results dictate that studies aimed at measuring trade-offs will need to study multiple individual traits, while accounting for diverse sources of heterogeneity.
Ideally, we would be able to further capture the processes that generate among-individual heterogeneity in vital rates. However, imperfect knowledge of individual variation exists in most studies, even after accounting for sources mentioned above, as well as those that arise from genetics (Meril€ a and Sheldon 2000, Wilson and Nussey 2010) , maternal effects (Stover et al. 2012) , or the environmental conditions experienced during early development (Lindstr€ om 1999, Metcalfe and Monaghan 2001) . Unobserved heterogeneity has come to represent the variation in survival and reproduction that results from these unobserved (latent) traits of individuals (Cam et al. 2016) . Accounting for such variation was initially motivated by the recognition that population-level analyses could fail to properly identify age-related patterns of variation in the probabilities of reproduction and survival (Vaupel and Yashin 1985, van de Pol and Verhulst 2006) . However, these differences in the latent traits of individuals have garnered significant interest due to the potential evolutionary implications if such variation is heritable (Wilson and Nussey 2010, Cam et al. 2016 ). While among-individual variation in latent traits serves as the raw material for natural selection if such variation is heritable, the pattern of covariation between reproduction and survival rates at the individual level can indicate life-history tactics. Positive covariation in rates of survival and reproduction is generally interpreted as evidence for variation in individual quality, i.e., some individuals live long lives and produce many young whereas others live shorter lives and produce fewer young (Hamel et al. 2009 , Lescro€ el et al. 2009 ). In contrast, negative covariation between survival and reproduction, wherein some individuals survive poorly but achieve high reproductive output while alive whereas others live long lives but reproduce infrequently, indicates that individuals have different reproductive tactics for maximizing fitness (Descamps et al. 2006) . Although empirical evidence for such individual heterogeneity has rapidly accumulated given recent advances in hierarchical modeling, much remains to be learned regarding patterns of covariation between survival and reproduction across life-history types (Cam et al. 2016) .
A contrasting, though not mutually exclusive, explanation for observed variation among individual life-history outcomes contends that it results from the stochastic nature of survival and reproduction (Tuljapurkar et al. 2009, Steiner and Tuljapurkar 2012) . In this case, differences in life-history trajectories and life-history traits need not reflect variation in individuals' underlying abilities to survive and reproduce. The debate thus far centers on evaluating the ability of models to predict variation in observed life-history traits, in particular lifespan and lifetime reproductive output. If a model that excludes among-individual variation in underlying vital rates can replicate the observed variation in life-history traits, parsimony would suggest that individual variation be discounted. However, recent work has cautioned that even models that do fail to properly represent the underlying data-generating process can reproduce observed patterns of variation (Authier et al. 2017 , but see Chambert et al. 2013 ). Resolution to the conundrum requires high-quality data sets, a carefully thought out set of competing models, and rigorous model assessments appropriate for hierarchical modeling (Authier et al. 2017) .
In this study, we used 33 yr of mark-recapture data from a population of female Weddell seals (Leptonychotes weddellii) in Erebus Bay, Antarctica to evaluate sources of variation in the probabilities of survival and reproduction. Female Weddell seals are long lived, predominantly capital breeders that produce a single pup per reproductive event, have a flexible reproductive strategy, and show high fidelity to breeding sites, which makes them ideal for investigating sources of variation in life-history traits among individuals (Hadley et al. 2006 , Stauffer et al. 2013 , Chambert et al. 2015 . We jointly analyzed the probabilities of survival and reproduction and assessed the strength of evidence for individual variation in these probabilities, while accounting for variation associate with breeding state and age. By simultaneously assessing variation in both survival and reproduction, we were able to rigorously test the ability of models that include individual variation, and those that do not, to explain observed variation in two key rates associated with life-history traits. If the latent traits of individuals are associated with survival and reproduction, then models that incorporate individual heterogeneity should explain more variation in observed life histories than models that do not. We also evaluated the pattern of covariation between individual survival and reproductive rates.
METHODS

Study population and data collection
The study population of Weddell seals forms pupping and breeding colonies in Erebus Bay, Antarctica (77.62°-77.87°S, 166.3°-167.0°E) during the austral spring, from October to December of each year. Females are highly philopatric and, once recruited to this population, have a very2007, Hadley et al. 2007 ). The colonies form in close proximity to tidal cracks in the frozen ocean, which allow females to access the ice surface and render them accessible to field crews. Since 1973, six to eight mark-resight surveys have been conducted in the study area each year, beginning in early November. During surveys, the identity and reproductive status of each animal was recorded. Because of the high detectability of mothers with pups, we were able to reliably assign each female to the following reproductive states: pre-breeder, first-time mother, experienced breeder (female with a pup who has also produced a pup in at least one previous year), skip breeder attending the colonies (female without a pup but who has produced a pup in at least one previous year), or a skip breeder that was not observed in the colonies. Given the high on ice detection rates and site fidelity, a female who was not seen in the colonies was assumed to have not produced a pup that year and to have temporarily emigrated from the breeding population (Hadley et al. 2007) . Our data set consisted of encounter histories for 1,274 female Weddell seals, from 1984 to 2016. We restricted our analyses to those individuals that were tagged as pups and subsequently recruited to the breeding population (thus, known-aged individuals who bred at least once).
Modeling approach
Our goals were to evaluate patterns of variation in vital rates arising from trade-offs due to reproductive state and age and to assess the strength of evidence for among-individual heterogeneity in vital rates, using a modest set of competing models. We used a multistate modeling approach (Nichols et al. 1994, Lebreton and Pradel 2002) [D] ). We modeled transitions between states with a Bayesian approach that allowed us to readily incorporate sources of variation associated with individual heterogeneity, breeding state, age, and year for both survival and reproduction (Appendix S1).
To account for as much measurable, among-individual heterogeneity as possible, we decomposed the probabilities of transitioning between states F, E, S, and A and to the dead state using the constituent state-dependent probabilities of (1) survival (φ), (2) temporarily emigrating from the population (c), (3) the probability of reproduction (w), and (4), the probability of returning to the colonies once emigrated (q) (Appendix S1: Table S1 ). For example, the probability that a female transitioned directly from a first-time breeder to an experienced breeder was the product of the probabilities that she survived the year after first giving birth, u F , attended the study area the following year, (1 À c F ), and reproduced that year, w F .
We modeled the log odds of survival and reproduction as functions of linear combinations of covariates related to each rate (Appendix S1). We included intercept terms for the survival from year t to year t + 1 for an individual in state f in year t, a u f with f = F, E, S, or A, and reproduction conditional on survival in year t, a w f . With all other covariates being held equal, these terms correspond to the statedependent probabilities of survival and reproduction. We further considered quadratic and logarithmic functional forms for possible relationships between the age of individual i in year y and survival (f u ðage i;y Þ) and reproduction (f w (age i,y )). These forms allow a variety of relationships between age and the probabilities of survival and reproduction: linear, concave, or convex, as well as a pseudo-threshold at older ages. We allowed the form to vary separately for survival and reproduction, which resulted in a range of possibilities for the pattern of age-related changes in the probability of survival and reproduction, including improvements and/or senescent declines in each rate. For the quadratic form, ages were centered and scaled using the approximate mean (16 yr) and standard deviation (6.77 yr).
We included the age at first reproduction for each individual because it might be a useful indicator of individual quality for female Weddell seals given that they rely heavily on extensive body reserves to meet the demands of reproduction and lactation (Wheatley et al. 2006) . Ages at first reproduction were centered and scaled using the approximate mean (7 yr) and standard deviation (2 yr). Finally, we included a random effect for year on rates of survival, n u y , reproduction n w y , temporary emigration (n c y ), and returning (n q y ) to account for temporal variation in vital rates, given previous work in this system that suggests these rates vary among years (Hadley et al. 2007 , Stauffer 2012 , Chambert et al. 2013 .
Our primary goal was to assess the strength of evidence for individual variation in both survival and reproductive rates. Thus, we first evaluated models that included individual random effects on survival, f u i , and reproduction, f w i , with an explicit correlation modeled between the two to investigate the pattern of covariation. We then ran models that included state-and age-related effects, but no individual random effects, which we considered to be appropriate null models for testing for individual heterogeneity. In total, we evaluated eight different models (Appendix S1: Table S2 ) that considered four combinations of two possible functional forms for the effects of age, each of which was run either including (IH) or excluding (null) individual random effects.
Model comparison and assessment
Our goal was to determine which combination of functional form for age and inclusion/exclusion of random effects for individuals best explained variation in observed life-history traits for our data set. As our biological inferences are based on the comparison of multiple competing models, we utilized three levels of model comparison and assessment to discriminate among models.
First, we assessed the fit of each model to our data set using posterior predictive checks (Gelman et al. 2004 ) in a manner similar to previous work in this system (Chambert et al. 2013) . Next, we used the approximate posterior distribution of all parameters to generate 10,000 replicate data sets using the same number of individuals, years, and data structure, with each replicate representing a simulated life history for the specific individuals and years in our study. For each replicate, we calculated the mean number of pups produced per female (hereafter, NP), as well as mean persistence in the breeder state (PB, the number of consecutive breeding events). The resulting distribution of NP and PB generated under replication was compared to the actual values in the data set using both the mean and variance. For each posterior predictive check, we calculated a one-sided Bayesian P-value as the proportion of times the observed statistic was greater than that the posterior predictive distribution (Gelman et al. 2004 ) to evaluate how well each model predicted observed reproductive output, a key component of among-individual variation in life histories.
However, more complex models usually tend to fit data better, and even misspecified models can generate observed levels of variation in life-history traits (Authier et al. 2017) . Therefore, to further discriminate among models, we estimated out-of-sample predictive ability of each model using the Widely Applicable Information Criterion (hereafter, WAIC; Watanabe 2013). WAIC is similar to the Akaike Information Criterion (AIC) in that lower values suggest a better predictive model (Gelman et al. 2014) . However, by condensing the fit of a complicated hierarchical model to a large data set down to a single number (WAIC value), we ran the risk of averaging the fit of a model across different parts of the data set. We therefore used a second measure to assess the predictive ability of each model. One of our main goals was to assess variation in survival and reproduction with age, particularly for the oldest aged females. We assessed the predictive performance of each model at older ages using leaveone-out cross validation to estimate the probability of each observed state transition for older animals when the model was fit to a data set excluding a given state transition. The approach uses a quantity known as the conditional predictive ordinate (CPO; Geisser 1993), which can be approximated for any point from the output of an MCMC algorithm (Chen et al. 2012 ; details in Appendix S1). We approximated the CPO for every state transition recorded for females older than 20 yr of age (n = 139). We then used the negative of the sum of the logarithms of the CPO values across all individuals, such that models with better predictive ability had lower scores (similar to WAIC).
Model fitting
We fit these models using the software program JAGS, Version 4.3.0 (Plummer 2015) , using the runjags package (Denwood 2016) as an interface in the R computing environment (R Core Team 2015) . All random effects of year were assumed to be independent and modeled hierarchically using mean-zero normal distributions with unique standard deviations. Standard deviations were given uniform priors, U(0,10). We modeled the individual random effects on survival and reproduction using a mean-zero multivariate normal distribution. The covariance matrix was given an inverse-Wishart prior with an identity matrix for the scale, and the degrees of freedom was set to 3 to impose a uniform prior on the correlation between the two random effects. All regression coefficients for the functional forms for age and age at first reproduction, as well as state-dependent effects, e.g., a u f , were assigned diffuse normal priors, N(0, 1000), on the logit scale. We carried out a prior sensitivity analysis by comparing inferences across choices of prior, particularly for the hierarchical standard deviations, including both diffuse and restrictive priors. Our resulting inference was invariant to the choice of prior.
For each model, we ran four separate chains in parallel with different starting values. To assess model convergence, we visually inspected trace plots and assumed convergence occurred if we observed good mixing of the chains and consistent approximate posterior distributions. Models were run for 50,000 iterations, with the first 10,000 discarded for adaptation and burn-in. Due to computational restrictions, we thinned each chain by keeping every fourth sample, resulting in 40,000 samples for inference.
RESULTS
We analyzed data from encounter histories for 1,274 individual Weddell seal females, which contained 8,652 state transitions. The data included 1,274 observations in the first-time breeder state, 5,025 observations in the experienced breeder, 1,972 observations in the skip breeder, seen state, and 720 observations in the skip breeder, away state. Individual reproductive histories ranged from a single observation (n = 169) to 25 observations (n = 2), with a median value of 6 observations per individual. Age at first reproduction ranged from 4 to 16 yr, with a median value of 7. The distribution of ages in these data was asymmetrical (range = 4-31 yr, 25% quantile = 9 yr, median = 12 yr, 75% quantile = 15 yr), due to both right censoring of these longitudinal data and the smaller number of individuals that were observed beyond 20 yr of age (n = 139, 11%).
To aid interpretation of our results, we back-transformed several key parameter estimates to the probability scale (hereafter denoted by a * prefix), unless otherwise noted, using the following covariate conditions: age at first reproduction (state F) of 7 yr, and age for experienced mothers and mothers who skipped reproduction (states E, S, and A) of 16 yr. Furthermore, our estimates are for an individual with the average value for random effects for survival and reproduction, with average annual effects on each vital rate. Survival rates were corrected for tag loss by dividing estimated rates by the tag retention rate, estimated to be approximately 99% in this study system Siniff 2004, Hadley et al. 2007 ).
Model assessment: goodness of fit and prediction
Goodness-of-fit assessment revealed two important patterns (Table 1) . First, across functional forms for age, onesided P values suggested that the models without individual random effects fit the data more poorly than do those that included individual heterogeneity (IH). Null models typically over-or under-predicted the mean and variance for the number of pups per mother (NP) and persistence in the breeder state (PB), compared to IH models. In particular, models without individual heterogeneity did a particularly poor job of replicating observed levels of variation in the Experienced Breeder state. Second, though the P values for IH models were roughly comparable across the functional form of the effects of age on survival and reproduction, the model with quadratic effects of age on survival and reproduction was the best fit to the data. Results from WAIC and our targeted use of the conditional predictive ordinate (CPO) are consistent and indicated that the best predictive model for the entire data set, as well as for state transitions for the oldest females, was one that included individual random effects with quadratic forms for the relationship between age and the probabilities of survival and reproduction (Table 1) .
Age-dependent and state-dependent variation in vital rates
In our best-supported model, we had clear evidence for senescence in the probability of survival. The linear term was estimated to be negative (b age = À0.48; 90% highest density interval, HDI = À0.59, À0.38), as well as the quadratic term (b age 2 = À0.15; À0.27, À0.03; Table 2 ). For our reference values, this translated into a decline in survival for breeders from 0.92 (0.90, 0.93) at age 7 to 0.56 (0.41, 0.70) by age 31. Notably, survival began to decline immediately after the age of first reproduction (Fig. 1 ). In contrast, the probability of reproduction initially increased after primiparity, peaked at age 16, and then declined (b age = À0.08; À0.18, 0.02 andb age 2 = À0.36; À0.47, À0.24; Fig. 1 ). For our reference values, this translated into a probability of consecutive reproductive events of 0.68 (0.63, 0.72) at age 7, 0.79 (0.76, 0.81) at age 16, and 0.37 (0.23, 0.53) at age 31.
A female's age at first reproduction was negatively and linearly related to her probability of reproduction (b age:first = À0.23; À0.31, À0.15), which is consistent with the prediction that females who begin reproduction earlier in life are of higher individual quality (Table 2 ). For our reference values, a female that first began reproducing at age 5 would have a higher probability of reproduction (0.82; 0.79, 0.85) than a female who began at age 9 (0.75; 0.71, 0.77). Based on 20,000 simulated reproductive histories with average effects of year on survival, reproduction and temporary emigration, an otherwise-average female who began breeding at age five would expect to have 7.2 pups over a 15-yr lifespan, compared to 5.9 pups over a 17-yr lifespan for a female who began breeding at age 9. We did not find evidence of a relationship between the age at first reproduction and the probability of survival.
Our results indicate that reproduction is costly to both survival and reproduction in the year after a female produces a pup (Table 2 ). Using our reference values, estimated survival rates were similar for a first-time mother ( Ã c u F = 0.88; 90% highest density interval: 0.83, 0.90) and an experienced mother with a pup ( Ã c u E = 0.89; 0.87, 0.90) and lower than the estimate for a skip breeder ( Ã c u S = 0.92; 0.90, 0.93). Though the differences in the probabilities of survival were modest, they have implications for the expected lifespans of these long-lived animals. For example, the probability of survival from age 12 to age 17 for a female that began breeding at age 7 and persists in the breeding state is 0.58 (0.54, 0.63) compared to 0.68 (0.63, 0.73) for a similar female that skipped reproduction in those years. Probabilities of reproduction in the next breeding season were markedly lower for first-time breeders ( Ã c w F = 0.71; 0.65, 0.75) and experienced breeders ( Ã c w E = 0.79; 0.76, 0.81) than for females who skipped reproduction regardless of colony attendance ( Ã c w S = 0.85; 0.81, 0.87; Ã c w A = 0.82; 0.78, 0.85). In contrast to results for survival, our results for reproduction indicated that the cost of reproduction to subsequent reproduction was greater for primiparous mothers than for experienced mothers. In addition, we estimated that the probability of temporarily emigrating from the study area was higher for first-time breeders ( Ã c c F = 0.16; 0.12, 0.22) than for either experienced breeders ( Ã c c E = 0.06; 0.04, 0.08), or skip breeders attending the colonies ( Ã c c S = 0.04; 0.03, 0.06).
Evidence for temporal variation in vital rates
Consistent with survival being environmentally canalized, annual variation in survival was very low compared to that for reproduction (Appendix S2: Fig. S1 ). Averaged across all estimated values for individual random effects, the estimated survival rate for a 16-yr-old, experienced mother that first reproduced at age 7, was estimated to be both high (mean = 0.88; 0.85, 0.91) and to have little annual variation (range: 0.85-0.90). In contrast, probabilities of reproduction Notes: The goodness of fit of each model was assessed using posterior predictive distributions of the mean, variance, and maximum of (1) number of pups per mother (NP), and (2) the persistence in the experienced breeder state (PB, representing back-to-back breeding events). The posterior predictive P value for each model and metric is a measure of model fit. Those models with values closer to 0.5 suggest a better fit to the data. We estimated the predictive ability for each model using the Widely Applicable Information Criterion (WAIC), which has a similar interpretation to the Akaike Information Criterion (AIC) in that models with a lower score are more supported. We also combined in-sample and out-of-sample approaches to assess how well each model fits for our oldest aged animals using the conditional predictive ordinate (CPO). We calculated the CPO for each observed transition for animals aged 20 and older (n = 139), and took the À∑log(CPO) for all individual values. Similar to WAIC, lower values suggest better predictive ability.
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for such a female were estimated to be lower (mean = 0.78; 0.68, 0.84) and much more variable (range: 0.61-0.87). Estimated rates of temporary emigration were low (mean for an experienced breeder = 0.08; 0.02, 0.18), but highly variable (range: 0.02-0.43). The estimated probability of returning to the area after having temporarily emigrated was high (mean = 0.70; 0.48, 0.85) and varied strongly among years (range: 0.32-0.87).
Evidence for individual heterogeneity in vital rates
Our results also provided strong evidence for individual heterogeneity in reproductive rates arising from unobserved traits of individuals. Based on our estimated standard deviation of the normal distribution of individual random effects for reproduction (r w i = 0.66; 0.57, 0.75), 95% of females would have random effects between À1.32 and 1.32. This magnitude of among-individual variation in the probabilities of reproduction was roughly comparable to that for temporal variation (Fig. 2) . For example, for an average individual at our reference values, the probabilities of reproduction can vary from 0.66 (0.46, 0.83) in a below-average year to 0.86 (0.74, 0.95) in an above-average year; in an average year, the probabilities of reproduction vary from 0.65 (0.45, 0.82) for a below-average individual to 0.87 (0.77, 0.95) for an above-average individual. To further assess the potential variation in reproductive output associated with these individual effects, we generated 20,000 simulated reproductive histories for females that started reproduction at age 7 and that had individual effects of À1.32, 0, or 1.32 and mean values for temporal random effects. For each simulated reproductive history, we kept track of the total number of pups produced, the distribution of which corresponds to variation in reproductive output. Females with the lowest individual effect were predicted to produce 4.8 pups (SD = 3.4), whereas an average mother would be expected to produce 6.8 pups (SD = 5.0), and a better-than-average mother would be expected to produce 7.9 pups (SD = 6.0). In sharp contrast, estimated individual effects on survival rates were small though non-zero (r u i = 0.17; 0.11, 0.23). Given the high overall survival, this more modest degree of among-individual heterogeneity resulted in a small range of survival probabilities (for our reference values: 0.85-0.92).
We found strong evidence for a negative correlation between the individual random effects for survival and reproduction (correlation = À0.72; À0.89, À0.55; Fig. 3) . However, the baseline probability of reproduction is lower than that for survival and, given the nonlinear nature of the transformation, among-individual heterogeneity in survival estimated on the logit scale translates into a very modest difference in probabilities when compared to those for reproduction.
DISCUSSION
State-based and age-based variation in vital rates
Our results strongly support previous work that found lower probabilities of survival and future reproduction for breeders after accounting for individual variation (Hadley et al. 2007 , Chambert et al. 2013 . Our work contradicts a weakly supported suggestion that the cost of reproduction to survival is higher for first-time breeders than experienced breeders (Hadley et al. 2007) , by demonstrating that the survival rates for both first-time and experienced breeders are nearly identical. Our finding of survival senescence contrasts with results from previous, non-hierarchical analyses of survival rates for the study population that did not find evidence of senescence Siniff 2004, Hadley et al. 2007) . We attribute the difference in results to our use of a hierarchical model and using functional forms for age rather than discrete age classes. Additionally, our thorough model assessment has demonstrated that the fit of the bestsupported quadratic functional form for reproductive rates Notes: The parameters in this table are as follows: (1) mean statedependent survival, φ; (2) mean state-dependent reproduction conditional on survival, w; (3) the mean state-dependent probabilities of temporarily emigrating, c, and probability of returning, q; (4) the regression coefficients for the functional form of age, b age and b age 2 , and age at first reproduction, b age.first ; and (5) . Symbols preceded by an asterisk (e.g., *φ) have been transformed back to the probability scale. For survival (φ) and reproduction (w), these values represent the probabilities for a 16-yr-old, average individual who first reproduced at age 7 in an average year. The probabilities of survival have been corrected for tag loss. The probabilities of temporarily emigrating (c) and returning to the study area (q) are for an average year. States are as follows: F, first-time breeder; E, experienced breeder; S, skip breeder, seen, and A, skip breeder, away.
is not simply driven by early-life improvements, broadly supporting previous work for the probabilities of reproduction (Chambert et al. 2013) .
Our approach allowed us to demonstrate that the patterns of age-related changes for the two vital rates differ in striking ways. Whereas the probability of reproduction increased to a peak at approximately 16 yr of age, and then declined, we found strong evidence that the probability of survival steadily declined with age after the onset of reproduction. Improvements in reproductive output during the early reproductive years are consistent with the restraint hypothesis (Williams 1966 , Pianka and Parker 1975 , Forslund and P€ art 1995 . An alternative hypothesis to explain the improvement with age during the early years of an individual's life suggests that younger individuals are constrained from investing too heavily in reproduction owing to ongoing somatic investment or a lack of skills and/or experience that is related to age (Curio 1983) . Although improvements related to increasing body mass or experience are common in empirical work (P€ art 1995 , 2001 , Bowen et al. 2006 , Reid et al. 2010 , under the constraint hypothesis, and for long-lived species, we would expect to see a commensurate increase in the probabilities of survival. The co-occurrence of immediate declines in survival rates and early increases in reproductive rates estimated in this study corresponds well with the hypothesis that the ongoing trade-off between reproduction and survival changes as realized reproductive value changes with age. However, these agerelated increases in the probability of reproduction do not persist into older age. For these oldest aged animals, the simultaneous declines in both survival and reproductive probabilities strongly argue against the idea that declines are due to increased reproductive effort with age (the restraint hypothesis; Nussey et al. 2008) . Although a decline in survival can be explained by both increasing reproductive investment with age (trade-offs) and a senescent decline in physiological function (Pianka and Parker 1975) , the simultaneous decline in the probabilities of reproduction with age suggests that reproductive performance for old animals is governed by a decline in physiological function. Previous work on Weddell seals demonstrated muscular senescence that could reduce foraging efficiency (Hindle et al. 2009), FIG. 1. Estimated trends in survival and reproductive rates as a function of age and state from the top model, for an average individual who began breeding at age 7 and averaged across year effects. This model included a quadratic form for the effects of age on both survival and reproduction. On the logit scale, the coefficient for the quadratic term for age was estimated to be zero for survival rates, and negative for reproductive rates. Thus, survival declines as a linear function of age at first reproduction, whereas reproduction increases to a maximum near 15 yr of age before declining.
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which we speculate is one mechanism that underlies the declines in survival and reproductive rate shown here. Our work is consistent with the growing consensus for senescence in vital rates , Lemaître et al. 2015 and further demonstrates that age-related patterns of variation differ between survival and reproduction.
The role of individual heterogeneity and stochastic processes in life histories
Based on posterior predictive checks, WAIC, and a targeted calculation of the conditional predictive ordinate, models that included individual random effects explained more variation in our data set and had better estimated predictive power than did models without random effects. Results were broadly consistent, but the disparity between the two classes of models dramatically increased for WAIC and CPO. This is particularly relevant to assessing the strength of evidence of individual heterogeneity against null models, given recent work that suggests that misspecified models can reproduce variation in observed life histories and that correctly assessing the strength of evidence for individual heterogeneity requires the comparison of the predictive power of models in a multi-model framework (Cam et al. 2016 , Authier et al. 2017 ). To our knowledge, our study is the first to compare models with individual heterogeneity against null models using such rigorous model assessment criteria, and we strongly support Cam et al.'s (2016) recommendation to use a multi-model inference framework to evaluate the strength of evidence for the relevant competing hypotheses.
Among-individual heterogeneity in vital rates
We found strong evidence that among-individual heterogeneity exists in vital rates and that it is associated with a measurable trait (age at first reproduction) as well as latent traits of individuals. These results confirm speculations from previous work on the study population that the age at first reproduction is negatively correlated with the probabilities of FIG. 2 . Contour plot of the average predicted probabilities of reproduction for a 16-yr-old female who began reproducing at age 7 as a function of individual random effect (x-axis) and year random effects (y-axis). The rug on each axis corresponds to the mean estimated effect for each individual (i = 1, . . ., 1274) and year (t = 1, . . ., 32), demonstrating the distribution of these effects. To characterize uncertainty in these estimates, we have highlighted the estimated probabilities for the average individual and average year, as well as below-average individual and year (approximately 2 standard deviations below the mean effect) and above-average individual and year (2 standard deviations above), providing the mean probability of reproduction and 95% credible interval in parentheses.
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J. TERRILL PATERSON ET AL. Ecology, Vol. 99, No. 10 future reproduction (Hadley et al. 2007 ). We attribute our ability to confirm the result to the fact that we incorporated individual random effects, which allowed us to better estimate several distinct measures of individual quality. For long-lived species, individuals are expected to delay reproduction until sufficient somatic development allows them to at least partially mitigate costs of reproduction (Viallefont et al. 1995) , and early recruitment may therefore be a metric of individual quality (Wilson and Nussey 2010, Fay et al. 2016) . Our finding that individuals that begin reproducing earlier in life are likely to have a higher lifetime reproductive output adds to a small number of studies reporting similar associations (Descamps et al. 2006 , Aubry et al. 2011 , Dugdale et al. 2011 , Fay et al. 2016 ) and increases support for the hypothesis that this trait is a valid indicator of individual quality. We believe that age at first reproduction is particularly relevant for Weddell seals because females vary in their age at primiparity (Hadley et al. 2006) , begin reproduction while still investing in somatic growth (Paterson et al. 2016) , and depend heavily on large body reserves to meet the demands of reproduction and lactation (Wheatley et al. 2006 ).
Although our results broadly support those from previous work estimating heterogeneity in reproductive probabilities in the study population (Chambert et al. 2013) , we estimated a level of among-individual heterogeneity in reproduction that is approximately four times greater than what was previously estimated (r w i = 0.15 in the previous work, compared tô r w i = 0.66 in the current work). We are quite certain that the change is the result of further decomposing the probabilities of transitioning to states as the product of the probability of colony attendance and the probability of reproduction. Moreover, our data include all individuals who reproduced at least once, whereas the previous work focused on individuals who were seen at least once after the year of first reproduction. The updated estimates have important consequences due to the strong attendant increases in the magnitude of variation for lifetime reproductive output and emphasize the importance of carefully incorporating sources of individual heterogeneity in reproduction in Weddell seals and other species in which reproductive strategies are flexible.
In what is one of only a handful of studies to simultaneously assess heterogeneity in both reproduction and survival FIG. 3 . Estimated individual random effects for the probabilities of survival and reproduction. These have been transformed from the logit scale to probability by assuming each applies to a 16-yr-old individual in the experienced breeder state, who began breeding at age 7, and in an average year. The larger graph is presented on unequal scales to show the distribution of points; the inset graph is on equal axes. We note there is substantially more variation in the probabilities of reproduction, compared to survival. The mean of the correlation between the two random effects (À0.72, 90% CI: À0.89, À0.55) is negative. HDI, highest density interval.
October 2018 PATTERNS OF VARIATION IN VITAL RATES 2393 (Cam et al. 2002 , Royle 2008 , we estimated considerably less individual heterogeneity in survival rates compared to reproductive rates. We view this result as a reflection of Fisher's fundamental theorem insofar as the theorem predicts little among-individual variation in traits that are most closely associated with fitness (Fisher 1930) , and the fitness of the Weddell seal (Rotella et al. 2012 ) is thought to be strongly associated with lifespan. These results are consistent with natural selection reducing variability in this key trait. However, even given the narrow window of among-individual heterogeneity in the probabilities of survival, we have strong evidence for a negative correlation with individual probabilities of reproduction. This implies that, in general, few individuals can simultaneously maintain higher-than-average reproductive and survival rates. We speculate that the difference in magnitudes between individual effects of survival and reproduction indicates a flexible breeding strategy (Reid 1987 , Erikstad et al. 1997 . Given the relationship between longevity and fitness, individuals should attempt to forego reproduction when the cost to survival exceeds that already documented in this work. We therefore interpret the high among-individual variation that remains even after accounting for large temporal variation in breeding probabilities as evidence that individuals vary widely in their ability to consistently meet the demands of reproduction. This level of heterogeneity among individuals is particularly large, given that reproductive female Weddell seals have already gone through a strong filter whereby, on average, only about one in five females survives from birth to first reproduction (Rotella et al. 2012) . Such residual variation among individuals may reflect underlying among-individual differences in physiological, or metabolic functions (Wheatley et al. 2008a, b) , in addition to differences in resource acquisition. Large amongindividual heterogeneity in prey consumption has been documented in Weddell seals (Goetz 2015) , and recent work has suggested that breeding probabilities may be sensitive to the consumption of Antarctic toothfish (Dissostichus mawsoni), an energy-dense prey item (Salas et al. 2017) , such that individuals who consume more toothfish are more able to meet the demands of reproduction and lactation.
CONCLUSION
We simultaneously addressed diverse potential sources of variation in several vital rates in Weddell seals using multidecadal data on individually marked females with known reproductive histories. Through our use of rigorous model comparison in a multi-model framework, we identified survival senescence for the first time in this species and demonstrated the importance of individual heterogeneity in generating variation in life histories. Our results make several novel contributions to our understanding of the potential contribution of individual heterogeneity to the evolutionary processes that shape life histories. These findings make it possible to assess the importance of amongindividual heterogeneity to population dynamics and lay the groundwork for future investigations into other sources of among-individual heterogeneity in life-history traits, e.g., maternal effects, cohort effects, and genetics as well as more complex relationships between metrics of individual quality and life-history outcomes.
